Abstract. Xenografting of ovarian tissue into immunodeficient mice has been used as a model to study the dynamics of follicular development and provides an alternative method for the production of mature oocytes. In a previous experiment, we demonstrated that xenografted bovine secondary follicles developed to the antral stage in severe combined immunodeficient (SCID) mice. In the present study, we examined the development of bovine secondary follicles (140-190 µm in diameter) grafted into ovariectomized mice in comparison with intact female mice as a control. At 4 weeks after grafting, several antral follicles ranging from 350 to 550 µm (457.6 ± 50.8 µm) in diameter were found in the control mice, while a single large (larger than 2.5 mm) antral follicle and other small follicles were observed in every ovariectomized mouse. At 6 weeks after grafting, the mean diameter of morphologically normal follicles had further increased in the control group (591.8 ± 132.0 µm). In ovariectomized mice, however, the mean diameter of follicles decreased (4 weeks: 864.2 ± 988.2 µm; 6 weeks: 496.5 ± 137.6 µm), since the single large antral follicle observed at 4 weeks had degenerated by 6 weeks. In control mice, more than 70% of follicles were morphologically normal and formed an antrum, and most of the follicles contained morphologically normal oocytes which grew to 122.5 ± 2.2 µm. In ovariectomized mice, morphologically normal oocytes also grew larger than before grafting, but their survival rate was significantly lower than that in control mice. These results suggest that ovariectomy of host mice alters the developmental pattern of xenografted bovine secondary follicles to accelerate a single follicle to develop in the graft.
n mammals, small oocytes grow and reach their final size in the ovary to acquire maturational and fertilizing competence. Mouse non-growing oocytes in primordial follicles [1, 2] and bovine growing oocytes in early antral follicles [3, 4] have been grown in vitro to their final size after a few weeks, and have matured, been fertilized, and successfully produced living young, suggesting that small incompetent oocytes in the ovary can be used as a source for mature oocytes. However, it is difficult to maintain oocyte viability during a longer culture in which much smaller oocytes grow to their final size and acquire the competence to develop. X e n o g r a f t i n g o f s m a l l f o l l i c l e s i n immunodeficient animals has been used as an alternative to long-term culture. In 1994, it was first reported that sheep and cat follicles in ovarian xenografts survived and developed to the antral stage in immunodeficient mice after several months Accepted for publication: March 31, 2004 Correspondence: S. Senbon (e-mail: miyano@kobe-u.ac.jp) [5] . Thereafter, small follicles in marmoset [6] , wombat [7] , pig [8] , cow [9] and human [10] [11] [12] ovarian tissues have been shown to survive and develop in immunodeficient mice. In a previous study, we also demonstrated that bovine oocytes, which grew in secondary follicles grafted into severe combined immune deficient (SCID) mice, matured up to the second metaphase [9] . Recently, it was reported that mouse oocytes in xenografted ovaries grew to their final size in nude rats and matured and fertilized in vitro, resulted in the successful production of live pups [13] . These reports suggest that follicles and oocytes from different species can survive and develop normally in immunodeficient animals.
Gonadotrophins are important for follicular selection and development in the ovary, and the development of xenografted follicles can be accelerated by the administration of exogenous gonadotrophins to the host animals [8, 10, 14] . Follicular development is also promoted in ovariectomized host animals in which the circulating levels of endogeneous gonadotrophins are increased [7] . In the present study, we collected bovine secondary follicles of 140-190 µm in d i a m e t e r , a n d x e n o g r a f t e d t h e m i n t o ovariectomized and intact female SCID mice. The survival rate and development of the grafted follicles were examined at 4 and 6 weeks after grafting.
Materials and Methods
Ovaries were obtained from pure-bred Japanese Black cows slaughtered at a local abattoir, and were washed three times in Dulbecco's phosphate buffered saline. Slices of ovarian cortex sized approximately 0.5 mm × 0.5 mm × 0.5 mm and containing only one secondary follicle of µm in diameter were dissected using fine blades under a dissection microscope while immersed in TCM199 (pH 7.4, Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) containing 0.1% polyvinylalcohol, 0.85 mg/ml NaHCO 3 , 0.08 mg/ml kanamycin, and 25 mM HEPES. Secondary follicles were randomly separated into two groups, one for measuring the diameter of follicles and oocytes, and the other for xenografting. Groups of 10-12 secondary follicles enclosed by connective tissue were xenografted into 12 female SCID mice. Ten-to eleven-week old female SCID mice (C. B-17/Icr-scid Jcl, Clea Japan, Inc., Tokyo, Japan) were anaesthetized by an intraperitoneal injection of sodium pentobarbital, and the left kidney was exteriorized. Bovine ovarian slices containing secondary follicles were inserted under the kidney capsule using a pipette. Six of the 12 mice were ovariectomized.
At 4 weeks after xenografting, 3 ovariectomized mice and 3 control mice were sacrificed by cervical dislocation; the remaining mice were sacrificed at 6 weeks after grafting. At both times, the kidneys containing the cortical slices were carefully dissected free with fine forceps. After washing in Dulbecco's phosphate buffered saline, the kidneys were fixed in 3% formaldehyde in phosphate buffered saline. They were dehydrated, embedded in JB-4 (Polysciences Inc., Niles, IL, USA), serially sectioned at 5 µm, stained with hematoxylin and eosin, and examined. The surviving follicles were c o u n t e d a n d s e p a r a t e d a c c o r d i n g t o t h e morphology of the granulosa cell layers and antrum formation into two categories: secondary follicles containing an oocyte encapsulated by two or more layers of granulosa cells but no antrum, and antral follicles having an antral cavity with multiple layers of granulosa cells. The serial sections were examined to identify the largest cross-section of follicles and oocytes. The diameters of the follicles and oocytes (excluding the zona pellucida) were determined by taking two perpendicular measurements to the nearest 1 µm with an ocular micrometer (Nikon, Tokyo, Japan) attached to an inverted microscope and recording the average. As a control, ovarian slices containing secondary follicles before xenografting were examined in the same manner.
The results from all replicates were pooled and analyzed. Statistical differences in the mean diameters of follicles and oocytes were analyzed by Student's t-test. Other values were analyzed by chi-square analysis with Yates' correction for continuity. A probability of less than 0.05 was considered significant. This study was approved by the Committee on Animal Experimentation of Kobe University, Rokkodai Campus, Japan.
Results
At 4 weeks after xenografting, all mice contained developing bovine follicles that were larger than those before grafting, and vascularization could be seen on the surface of the follicles. In control mice, there were several antral follicles of a similar size under the kidney capsule (Fig. 1a) , however, in every ovariectomized mouse one follicle had developed to the point at which it was obviously larger than the other follicles (Fig. 1b) . At 6 weeks after grafting, no such large follicles were observed in either group.
The mean diameters of follicles and oocytes before grafting were 165.1 ± 16.2 µm and 50.2 ± 3.7 µm (n=54), respectively. Histological examination revealed that in every ovariectomized mouse, one dominant follicle developed to 2.5 mm or more in diameter after 4 weeks ( Fig. 1c and Fig. 2 ). The other follicles were pushed aside by the large follicle and developed a bent shape. In the dominant follicles in 3 mice, the basement membrane was partially torn due to erythrocyte i n v a s i o n , b u t o n e f o l l i c l e c o n t a i n e d a morphologically normal oocyte (Fig. 1c) . By 6 weeks, the dominant follicles had disappeared in ovariectomized mice. Morphologically normal follicles were observed, but almost all had either no oocytes or only degenerated ones. On the other hand, morphologically normal follicles had developed to the antral stage in control mice at both 4 and 6 weeks. Table 1 shows follicular development and oocyte growth after xenografting. In control mice, more than 70% of grafted follicles were morphologically normal at both 4 and 6 weeks, and the mean diameter of the follicles had increased significantly to 457.6 ± 50.8 µm at 4 weeks and 591.8 ± 132.0 µm at 6 weeks. Surviving oocytes in the follicles had increased in diameter depending on the time period after grafting and grew to a maximum of 122.5 ± 2.2 µm, which is comparable to the fullygrown size after 6 weeks. In ovariectomized mice, xenografted bovine follicles tended to degenerate resulting in a decrease in survival rates of 47% (14/ 30) and 40% (12/30) at 4 and 6 weeks after grafting, respectively. The diameter of morphologically normal follicles at 6 weeks after grafting was smaller than that at 4 weeks (4 weeks: 864.2 ± 988.2 µm; 6 weeks: 496.5 ± 137.6 µm). The number of morphologically normal oocytes was greater in control mice than in ovariectomized mice for both tested time periods after grafting.
Discussion
In our previous study, bovine secondary follicles of 150-190 µm in diameter were found to have survived and developed to the antral stage under the kidney capsules of SCID mice at 4-6 weeks after grafting [9] . In the present study, the diameter of secondary follicles developed to 350-550 µm in i n t a c t f e m a l e S C I D m i c e , h o w e v e r i n ovariectomized SCID mice a single follicle had developed to a much greater size (2.5 mm or more in diameter) than the other follicles at 4 weeks after xenografting. Why should this be so? The number of oocytes ovulated throughout life is largely determined by species, but in all cases the number is extremely small compared with the number of growing oocytes in the ovary [15] . Large numbers of follicles degenerate during their developmental stage. Although the mechanism that regulates the selection of a species-specific number of dominant follicles for ovulation is not yet well understood, it is known that only one follicle is selected and ovulated in each estrous cycle in the cow. In vivo, this mechanism of follicular selection is considered to be influenced by the concentration of circulating hormones [16, 17] . Gonadotrophins are involved in follicular development and apoptosis. Follicle-stimulating hormone (FSH) is known to induce proliferation and differentiation of granulosa cells from mammalian follicles. Circulating FSH stimulates the development of bovine follicles after the secondary stage, at which granulosa cells start to receive FSH stimulation [18] . In bovine ovaries, future dominant follicles emerge at 3-4 mm in diameter [19, 20] . The dominant follicle suppresses the development of neighboring small follicles by secretion of increasing concentrations of estradiol and inhibin into the blood vessels [21, 22] . These factors are transmitted via the bloodstream and cause the hypothalamic-pituitary system to suppress the secretion of gonadotrophins [23] . Dominant follicles receive enough nutrition and hormonal stimulation to survive and develop [21, 24, 25] , while the other follicles, which lack this nutritional supply, undergo apoptosis resulting in follicular atresia [26] [27] [28] . The circulating level of FSH is thus highly important in follicular viability and development.
It has been reported that the concentrations of circulating gonadotrophins rise in ovariectomized mice, and that serum FSH in ovariectomized mice rises to values about 5-fold higher than in nonovariectomized mice at 1 week after ovariectomy [29] . A further increase in FSH concentration in serum of 10-fold compared with normal mice has also been observed [29] . Although we did not measure FSH concentrations in the present e x p e r i m e n t , w e e x p e c t e d t h a t a r i s e i n gonadotrophin levels in ovariectomized mice would change the developmental conditions for xenografted bovine follicles and promote their development. Indeed, ovariectomy was found to accelerate the development of xenografted follicles, and brought about the emergence of a dominant follicle at 4 weeks after grafting. We believe that the single large dominant follicle in ovariectomized mice suppressed the development of neighboring grafted follicles, but that it could not ovulate and degenerated by 6 weeks after grafting, possibly due at least in part to the tear in the basement membrane caused by erythrocyte invasion found in all cases. The decrease in follicular diameter at 6 weeks after grafting in ovariectomized mice is probably due to atresia of the follicles.
In control mice, the diameter of xenografted bovine oocytes increased with the increase in follicle size after grafting. As the follicle size increases to 3 mm or more in the bovine ovary, the mean oocyte diameter reaches a plateau (120-130 µm) independent of the follicle diameter [30] . Since more morphologically normal oocytes were observed, we conclude that conditions were more suitable for bovine oocytes in control mice than in ovariectomized mice. The mean diameter of bovine o o c y t e s r e a c h e d 1 2 2 . 5 ± 2 .2 µ m , wh i c h i s comparable to that of oocytes in 3-mm follicles in the ovaries, although the follicles had developed to approximately 0.6 mm in diameter at 6 weeks after grafting in control mice. It may be more important for the survival and growth of bovine oocytes to preserve follicular structure rather than to induce follicles to enlarge.
In previous xenografting experiments, follicular development was accelerated using exogeneous h o r m o n a l s t i m u l a t i o n [ 8 , 1 0 , 1 4 ] a n d ovariectomized host mice [7, 8] . However, there have been no reports to date describing follicular dominance. The results obtained in the present study demonstrate that ovariectomy of host mice accelerates the development of xenografted bovine secondary follicles in mice. However, it also brings about the generation of a dominant follicle in a group of grafted follicles, and the subsequent suppression by the dominant follicle of the development of neighboring follicles, resulting in the degeneration of the non-dominant follicles.
